For rotational rheometers, surface tension results in a torque that should not occur in an ideal, rotationallysymmetric geometry. This paper identifies and explains the effect, which is due to surface tension and contact line traction forces, and not surface rheology at the liquid-air interface. For water we show that this torque can be more than two orders of magnitude larger than the viscous torque. In steady shear flow, the effect appears as a constant torque independent of rate, which would appear inaccurately as apparent shear thinning of water. In oscillatory tests this may appear inaccurately as an elastic modulus. This surface tension torque is sensitive to wetting conditions and contact line asymmetries and cannot be deterministically corrected in experimental measurements. It therefore raises the lower bound of the instrument low-torque limit. The surface tension torque is reduced by maximizing rotational symmetry of the contact line, minimizing evaporation and the migration of the contact line, reducing the radial location of the contact line, and lowering the surface tension. Identifying and eliminating the surface tension torque is critical for low viscosities, intrinsic viscosities, soft materials, sub-dominant viscoelastic components, small gaps, and any circumstance where the low-torque limit is experimentally important.
Introduction
Surface tension should not produce a torque in rotational rheometers, based on the idealized assumption of rotational symmetry. Historically, rotational symmetry has been a primary assumption (Bird et al. 1987; Macosko 1994) , even when considering effects of surface tension (Griffiths and Walters 1970; Shipman et al. 1991 ). However, we will show that the rotational symmetry assumption can be violated easily. Finite deviations of contact line rotational symmetry allow surface tension to produce a torque which impacts measurements of shear rheological material functions. The effect causes Newtonian fluids, including water, to appear as shear-thinning with finite elastic modulus.
It is known that normal force is influenced by surface tension effects, by both traction line force and pressure changes across a curved free surface (Orr et al. 2006; De Souza et al. 2008) . Normal forces are dependent on the shape of the free surface (Fortes 1982) and corrections have been calculated for certain experimental conditions.
Torque in rotational rheometers is influenced by certain edge effects and non-ideal conditions, and some of these effects have been carefully documented. Interfacial rheology and resistance to shear at the free surface can contribute to torque and apparent shear thinning and elasticity (Merrill 1969; Sharma et al. 2011) , although this requires surface active components at the liquid-air interface. This surface rheology phenomena is not present in our study. Excess sample can also contribute to torque measurements (Griffiths and Walters 1970; Kalika et al. 1989 ). In the study by Kalika et al., an excess torque offset of ~10% was observed after squeeze flow, and decreased to zero with time. This does not occur in our study here, and we therefore attribute the observed excess torque to a different phenomenon.
Here we demonstrate a new concept, that surface tension itself, via contact line traction forces, can produce torque in rotational rheometers. We observe surface tension torque up to ~1 µN.m for water in steady shear with various standard geometries. This is approximately two orders of magnitude larger than expected viscous torque at low shear rates. For oscillatory experiments at 100% shear strain, we observe elastic surface tension torque of ~1 µN.m, corresponding to an apparent storage modulus G′ . These observed values are highly variable due to sample loading and contact line symmetry, but the origin of the surface tension torque can be explained with a mathematical model. Figure 1 shows the geometries used here and how the orientation and location of the free surface varies. One can intuit how the loading method or small changes in sample volume, especially at small gaps with parallel plates, can further change the shape and location of the free surface.
Mathematical Model
Figure 1: Configuration of rotational flow geometries used in this study (cross-section views, not to scale). Torque is measured at the top cylindrical shaft in each case. The free surface contacts the measuring geometry at an angle ( ) s Ψ with respect to the horizontal, where contact line forces pull tangent to the interface.
Contact line forces pull tangent to the liquid-air interface. The free surface contacts the measuring geometry at an angle ( ) s Ψ , defined here with respect to the horizontal inside the closed curve of the contact line. We define the interface angle ( ) s Ψ with respect to the horizontal, rather than using the contact angle with respect to the local solid surface, in order to derive a universal predictive equation for different geometries.
For an underfilled parallel plate geometry, the interface angle Ψ is equivalent to the contact angle θ ; for other geometries Ψ and θ are related by the local orientation of the solid surface, and this will depend on the geometry and the possibility of overfilling, even for a parallel plate.
For any geometry in Figure 1 , if a geometry and sample have perfect rotational symmetry about the axis, then the resulting surface tension torque is zero, since traction force vectors would pass through the axis of rotation. In our experiments, we do observe a torque and hypothesize that this is due to (i) contact line asymmetry and (ii) interface angle asymmetry. These non-ideal conditions are shown in Figure 2 . Contact line asymmetry can arise from finite manufacturing tolerances, sample overfill, sample underfill, or evaporationinduced contact line migration. Note that interface angle hysteresis occurs only during movement of the geometry. This is why no rotational drift occurs when the geometry is not manipulated by the rheometer. The torque due to broken symmetry of the contact line can be calculated by considering an arbitrary closed, parametric curve, ( ) r s , as shown in Figure 3 . This closed curve represents the fluid-solid contact line, assumed to be in the plane 0 z = . Any deviation in the vertical location 0 z ≠ could be considered as an additional secondary aspect, as this is not necessarily required to generate the torque.
Contact line forces pull along the liquid-air interface defined by ( ) s Ψ , and act perpendicular to the contact line. We consider the possibility of changes along the arclength, including variable radius ( ) r s , surface tension ( ) s Γ , and interface angle represented by ( ) s Ψ . While variable surface tension is unlikely, it is possible in the presence of thermal gradients or surfactant concentration gradients.
We define an orthogonal local coordinate system (ˆl t ,ˆs t ,n ) to analyze this scenario ( Figure 3 ). The unit vector tangent to the contact line is denoted ˆl t . The unit tangent in the surface direction, the direction of contact line force, is ˆs t , defined as tangent to the liquid-air interface defined by ( ) s Ψ and normal to ˆl t . The vector n completes the system, defined by n n e n e n e = + + .
Torque about the origin, T , due to surface tension line forces, F , can be found by integrating along the closed parametric curve
where ( ) r s locates the contact line with respect to the origin. We are only interested in the z-component of torque and Eq.(3) becomes
The contact line force acts in the direction of ˆs t , calculated by 
Combining Eq. (5)- (7), , , 
Combining Eq. (9) 
Substituting this into Eq. (11),
For a closed arbitrary curve, the integral will always be zero, since 
for ( ) ( ) r a r b = to complete a closed curve. Thus, the torque from surface tension will be zero even for very complex contact line shapes ( ) r s , if the surface tension and local interface angle are constant along the arclength. This proves that surface tension torque requires a non-constant surface tension, or non-constant interface angle, which is more likely. A varying interface angle may arise, for example, from advancing and receding contact angles at different portions of a contact line with deviations in the r-direction.
The precise shape of ( ) r s and values of ( ) s Ψ are not likely to be deterministic. Eq.(10) does predict that surface tension torque will increase with large contact line radius, large radial deviations, large surface tension, surface tangents oriented horizontally, and large deviations of the interface angle. We will show experimentally that the measured surface tension torque is highly sensitive to the volumetric filling and control of the contact line. This includes overfilling and underfilling (e.g. with either excess or insufficient fluid to fill the geometry gap). Evaporation is particularly problematic when it causes a receding contact line.
Decreasing surface tension helps reduce the effect, but only if evaporation is controlled. Even with best practices in place, the effects of surface tension torque can set the lower limit of the minimum torque accessible for rheological characterization.
Experimental Setup and Methods
Experiments are performed on a rotational rheometer with a single-head, combined motor-transducer (Discovery Series Hybrid Rheometer (DHR), model HR-3, TA Instruments). This instrument has a manufacturer-stated low-torque limit of 5nN.m in steady shear and 0.5 nN.m in oscillation. A variety of geometries were used, as shown in Figure 1 and defined in Table 1 .
The system temperature was set to 25°C, unless otherwise noted, for all calibrations and tests using the Peltier control systems (bottom plate or outer cylindrical boundary, depending on the geometry used). Room temperature of approximately 23°C was used for tests using the glass bottom plate. A plastic shield was used during all calibrations and tests to block air drafts. To ensure negligible viscous heating , we calculate the Nahme-Griffith number at the highest velocities. The Nahme-Griffith number can be interpreted as relative change in viscosity due to temperature rise
where η is viscosity and T is temperature. The steady temperature rise T ∆ comes from a balance of viscous heating and conduction,
, where σ is shear stress, γɺ is shear rate, V is volume of fluid, κ is thermal conductivity, x is length scale, and A is area. The length scale of importance is the geometry gap, h , and if we assume a Newtonian fluid this becomes (15) gives (Bird et al. 1987 )
For both distilled water and n-Decane, Na~10 -6 at the highest velocities tested and therefore viscosity changes due to shear heating are negligible.
Visualization of contact line profiles was achieved with a custom-fabricated glass bottom plate, shown schematically in Figure 4 . The plate is used with experiments involving the cone or plate upper geometries.
This setup has the advantage of allowing visualization of samples from below, even during the use of a solvent trap. The glass bottom plate is readily adjusted using high thread count screws and a 1µm increment dial indicator to ensure perpendicular alignment of the glass to the instrument axis of rotation. We have successfully adjusted the glass bottom plate to sub-micron alignment. That is, deviation from a perfectly perpendicular plane to the instrument axis of rotation to any point on the glass plate is less than ±0.5µm.
Temperature is not controlled when using the glass bottom plate. 
The parameter C L is the end effect coefficient and is defined by ηapparent=ηmeasured/C L due to excess liquid beyond the shear region (Figure 1 ).
The fluids used are distilled water and n-Decane (Canon Instrument Company, N1.0 Viscosity Standard).
These fluids have comparable viscosity, but n-Decane has a lower surface tension by a factor of about three.
The viscosity of water at temperatures of 25°C, 23°C, and 5°C is 0.891, 0.933, and 1.52 mPa.s respectively and the viscosity of n-Decane at 5°C is 1.17 mPa.s. The surface tension of water and n-Decane at 5°C is 25.3 (Jasper et al. 1953 ) and 75.0 mN/m (Claussen 1967) respectively.
Sample volumes were precisely controlled. For the cone-plate and plate-plate geometries the optimal sample volumes were determined by eye with the use of a micropipette. Once ideal fill volume was determined for a given geometry this value was used consistently throughout a set of data. The Single Gap (SG) sample volume was 22.371 mL and Double Gap (DG) was 11.252 mL. These volumes were calculated according to the geometry dimensions in Table 1 . The solvent trap was used with all samples except when indicated in the discussion of results.
Calibrations included rotational mapping, which precisely measures the internal frictional torque in the system as a function of angular position (software option set to precision 2 or 3 iterations). Steady shear flow experiments were completed with controlled angular velocity from Torque and velocity values were averaged over integer rotations of the geometry with a minimum of one rotation at each velocity. For the smallest velocity the total rotation period is t = 2π/Ω = 1,579 seconds or approximately 26 minutes. Each sample was tested using a flow peak hold test with a three to thirty second pre-shear depending on the velocity. A five minute temperature soak was used for the single and double gap geometries prior to testing.
Residual torque tests, with no sample loaded, were also performed in order to measure residual internal friction and air friction contributions to the torque. These tests were completed with the geometries 45 mm above the peltier plate or 85 mm above the peltier cup zero position. The end-effect factor L C (Table 1) was not used in residual torque results. Figure 5 shows steady shear velocity sweeps down to or below the stated low-torque limit with various planar and cylindrical Couette flow devices. Shown are torque versus angular velocity curves compared with the instrument low-torque limit of 5 nN.m. Each data set has a minimum of six runs (new sample loading for each run) with three runs from high to low velocity (ramp down) and three from low to high (ramp up).
Experimental Results and Discussion
These tests use current best practices, as described in the methods section. We observe a torque plateau for all geometries, except the Single Gap (SG). The torque plateaus are on the order of 10 to 100 nN.m, well above the instrument low torque limit.
For steady shear flow we can use a simple equation to show how the observed torque appears as a plateau superposed onto a Newtonian viscous response,
We have fit Eq. (17) to several data sets in Figure 5 . nN.m. When ramping velocity from high to low there is more time for evaporation to occur before reaching the low torque regime than when ramping from low to high where we begin in the low torque regime. between the DG and SG exist. First, the contact line of the SG is well above the shear region while the contact line for the DG is in the shear region. This affects interface angle hysteresis and asymmetry that may depend on velocity. Second, the free surface is at a larger radius for the DG, 16-18mm, than for the SG, approximately 4mm. We can see these differences clearly in Figure 1 and is consistent with the prediction that surface tension torque should increase with larger radius and larger perimeter of the contact line (all other deviations being comparable), from Eq.(10).
Comparing the DG and 60mm cone torque plateaus we see they are of the same order, 52.2nN.m and 42.1 nN.m respectively, with the DG being larger even though the free surface is at a smaller radius. This is because the DG geometry has two free surfaces, the inner and the outer, while the 60mm cone has one.
We now perform a multitude of experiments to test the hypothesis that surface tension forces produce the observed torque plateaus in Figure 5 . We will measure residual internal friction of the instrument, reduce surface tension while holding other factors constant, and deliberately break the rotational symmetry of the contact line both by overfilling (with local out-wetting) and underfilling (with deliberate underfill and evaporation-induced underfill). All observations are consistent with the hypothesis of extra torque due to surface tension line forces. In steady shear, the effects appear incorrectly as viscous shear-thinning. We will then show that surface tension line forces can also generate an elastic torque signal in oscillatory tests, producing an apparent elastic modulus G′ .
To ensure the torque plateaus in Figure 5 are not from internal friction or experimental noise, we performed measurements with no fluid, which we call residual torque tests. Shown in Figure 6 are residual torque tests with no sample, with and without a geometry attached to the rotating spindle. The data fits a linear viscous scaling very well which is the common method used by the instrument manufacturer to correct for velocitydependent residual torque. To indicate precision of the measurement, dashed lines are shown in Figure 6 at two standard deviations from the linear fit, at ±1.4 nN.m and ±1.5 nN.m. These uncertainties are less than the manufacturer specified low-torque limit of 5nN.m. In Figure 6a , because no geometry is loaded, the standard deviation of the linear fit can be viewed as the instrument experimental uncertainty. After the 40mm plate is loaded, Figure 6b , the residual torque increases but the deviation stays approximately the same. From this data we can see that torque plateaus on the order of 10 to 100 nN.m observed in Figure 5 cannot be explained by low-torque limits of the instrument. Table 2) Manual residual torque tests were completed for various geometries loaded, but no fluid sample. Table 2 shows the linear fit and two standard deviation values for no geometry, planar Couette flow geometries ranging from 8 to 60mm diameters, and cylindrical Couette flow geometries. This linear fit we will call the friction factor, f F , and is defined by
where raw T is uncorrected torque, T is torque used to calculate material functions, and Ω is angular velocity. T is the torque reported in our results, unless stated otherwise. The variation in the friction factor, f F , can be explained by ambient air friction due to differences in surface area and radial extent of the geometries. Reducing surface tension should reduce the torque plateaus in steady shear as predicted by Eq.(10). In Figure   7 we see two sets of velocity sweep data showing torque with distilled water (H2O), and n-Decane (comparable viscosity, but with surface tension lower by a factor of three). We have performed these tests using the double gap (DG) geometry at a temperature of 5°C in order to reduce evaporation effects.
Lowering surface tension should lower the observed torque plateau in two ways. First, it lowers any total effect because forces are directly proportional to surface tension. Secondly, low surface tension means the nDecane is highly wetting, making the interface angle more vertical in this geometry ( Figure 1 ) and also less variable. From Eq.(10), all of these aspects should reduce the torque due to surface tension.
In Figure 7 there are six data sets, with separate loading, for each fluid tested. For water we see high variability, presumably due to lack of determinism in the contact line. While some of the velocity sweeps for water do not display a torque plateau down to the terminal velocity, there are four sweeps that give torque plateaus of approximately 1 µN.m. Conversely, the n-Decane velocity sweeps show no torque plateau and are highly reproducible using the same sample loading techniques. The variation among sweeps is so small that the six data sets are almost coincident for n-Decane. Rotational asymmetry of the contact line is required for surface tension torque, according to Eq.(10). For standard geometries, this may occur due to the finite precision and roughness at the edge of the geometry, and/or lack of deterministic contact line pinning. Rotational asymmetries can be deliberately exaggerated, and if they are concomitant with variable interface angle, then low-velocity torque plateaus should increase. We test this prediction by breaking the rotational symmetry in multiple ways: overfill by discrete droplet inclusion at the edge, deliberate underfill, and evaporation-induced underfill.
Droplet inclusion increases the low-velocity torque plateau, as shown in Figure 8a , which appears as apparent shear-thinning in Figure 8b . As we increase the number of 10µL droplets from zero to one to three, we see the torque plateau increase from an average of 8.69 to 85.9 to 294 nN.m. If surface tension were not the source of these torque plateaus, we would simply observe a vertical shift in the constant viscosity line due to excess material at the edge. Under-filling the fluid can also cause contact line asymmetry, and should therefore increase the surface tension torque effect. As seen in the inset image of Figure 9 , by placing the initial sample volume off-centered a significant asymmetry can be achieved. Intuitively, underfill of a geometry should give a lower torque than normal, but this is not what we observe; the underfill gives a significant torque increase in the form of a superposed plateau torque.
In Figure 9 , the three ramp up underfill tests at low velocity give torque and viscosity measurements more than two orders of magnitude larger than the expected viscous measurement. Yet, the underfill is visually quite small.
For three separate loadings of underfill (ramp up) the initial low-velocity torque is similar, T ≈1µN.m. As velocity increases from Ω=10 -2 to Ω=10 -1 rad/s the torque values drop. This slight decrease is due to the selfcentering of the sample as the geometry rotates, but the surface tension torque is still prominent. With each successive rotation the torque drops until Ω=0.04 rad/s. At this point we see the typical torque plateau. Now if we focus on the three ramp down underfill tests, we see that the initial torque values at Ω=4 rad/s are higher than for the ramp up tests. This is due to the sample being more asymmetric for the ramp down tests than for the ramp up, at this velocity. In other words, the ramp up tests have had time to self-center whereas the ramp down tests have not. Evaporation induces underfill and lack of deterministic contact line pinning, and is therefore another mechanism where contact line asymmetries can occur. Time lapse images of evaporation-induced underfill are shown in Figure 10 . Torque was measured over an extended period of 45 minutes. The photos in Figure 10 show the initial over-filled sample. As evaporation occurs, the torque decreases until it remains fairly constant (300-400 sec.) with the sample pinned on the edge of the geometry achieving maximum rotational symmetry and minimum surface tension torque. The sample volume then receded enough that the contact line depinned and a larger torque of ~25 nN.m developed (600-800 sec). Torque then again remained fairly constant until another contact line de-pinning event (1600 sec) raised the torque to ~80 nN.m. These observations are consistent with the prediction of Eq. (10) that contact line asymmetries correlate with surface tension torque. Oscillatory measurements of viscoelastic moduli can also be strongly influenced by surface tension torque.
Frequency sweeps were performed with water using a 60mm diameter cone at 100% shear strain amplitude from a frequency of 0.1 to 10 rad/s. Three sweeps were performed, one with intentional underfill and two close to ideal fills using best practices. Figure 11a shows the results of these experiments along with bottom view images of the geometry after the sample has been loaded.
An apparent elastic modulus ' G can be observed for water, due to the surface tension torque. The values are highly variable, ranging from a plateau of 10 -2 Pa for the underfill to a plateau of about 10 -3 for the 495µL sample. What is extraordinary about the results is that by reducing sample volume by only 5µL, from 495µL to 490µL, the elastic modulus ' G becomes sub-dominant as we would expect for water. Although this effect could be in part or whole a result of sample loading variability, this speaks to the high sensitivity to sample volume and loading. The pipette has a manufacturer stated precision of ±1µL. 
where min T is the low-torque limit in oscillation min T = 0.5 nN.m, 0 γ is the strain amplitude, and F σ is the stress factor F σ =17,680 Pa/N.m for the 60mm cone. The stress factor relates stress to torque as
For a cone geometry the stress factor is
where D is the geometry diameter.
The surface tension effect, when present, produces apparent elastic modulus ' G values up to three orders of magnitude larger than the low torque limit. The dynamic viscous component, Figure 11a , restated Figure 11b , is also influenced by the surface tension torque effect. This is most clear in Figure   11b . At the ideal fill of 490µL, η ′ is constant, and consistent with the viscosity of water, η ′ =0.933mPa.s. In contrast, the overfilled and underfilled tests show ( ) η ω ′ decreasing with frequency, a type of apparent viscous-thinning behavior, which we attribute to the surface tension artifact.
Notably, some recent studies have reported shear elasticity of water, glycerol, and other liquids at low frequency Noirez and Baroni 2010 ) using rotational rheometers.
These studies make striking claims about solid-like elastic behavior of these simple liquids at low frequency. It is unclear at present if surface tension torque was properly managed in these studies. 
Conclusions
This paper is the first to identify and explain an important surface tension phenomenon in rotational rheometers. Surface tension can produce a torque more than two orders of magnitude larger than the torque due to material deformation. We have shown that surface tension can apply a torque on rotational rheometers that in steady shear typically appears as a constant torque independent of rate. This signature appears inaccurately as shear thinning of viscosity, as shown in Figure 12 (data re-plotted from Figure 1) . It also appears inaccurately as an apparent yield stress if the torque plateau is constant as a function of shear rate, e.g. A mathematical model is derived to explain the source of this surface tension torque: rotational asymmetry of the contact line with non-constant interface angle or non-constant surface tension around the contact line.
Since the surface tension torque is sensitive to wetting conditions and contact line asymmetries, it cannot be deterministically corrected in typical experimental measurements. It therefore raises the lower bound of the instrument low-torque limit, and it may help explain studies showing a practical low-torque limit 20 times larger than that stated by the equipment manufacturer (Oliveira et al. 2006; Rodd et al. 2005; Soulages et al. 2009 ).
The results here raise an important question for any low-velocity or low-torque measurement of rheological properties. Striking observations have been reported for elastic shear modulus of water, glycerol, and other simple liquids at low frequency using rotational rheometers at small gaps Noirez and Baroni 2010) . The surface tension torque phenomenon described here serves as a competing hypothesis to explain such observations.
The surface tension torque is reduced by maximizing rotational symmetry of the contact line, minimizing evaporation and the migration of the contact line, reducing the radial location of the contact line, and lowering the surface tension. Control of the contact line depends on proper sample volume, which is especially important at small gaps as changes in sample volume can easily influence underfill or overfill. This breaking of the contact line symmetry causes surface tension torque that is more important than variation in viscous torque due to sample volume changes. With these guiding principles for reducing the surface tension torque, the geometry in our study that best meets these requirements is the cylindrical single gap. When planar Couette geometries such as the parallel-plate and cone-plate geometries are necessary, we recommend precise control of the contact line, e.g. by matched diameter plates or surface treatment. For example, it has been shown that a 200µm wide hydrophobic strip applied with a graphite tip can pin the contact line at a given radius (Srinivasan et al. 2013) , and this may also be beneficial for minimizing surface tension torque.
Identifying and reducing the surface tension torque phenomenon is critical for rheological measurement for low viscosities, intrinsic viscosities, soft materials, sub-dominant viscoelastic components, small gaps, and any circumstance where the low-torque limit is experimentally relevant. These results also apply to interfacial rheometry including the double wall-ring geometry (Vandebril et al. 2009 ), even in the absence of surface active components, if the precise rotational symmetry is broken in the contact line location and surface orientation angle. Low-torque limits are especially important with low-frequency or terminal regime oscillatory tests, asymptotic nonlinearities (Ewoldt and Bharadwaj 2013; Gurnon and Wagner 2012; Wagner et al. 2011) , and low apparent yield stress fluids (Barnes 1999; Dontula and Macosko 1999) . We expect this phenomenon to be especially important in aqueous systems, including biological materials, due to the high surface tension of water.
